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Abstract— Two and three-dimensional hydrodynamic models 
based on an two-dimensional unstructured mesh, such as 
TELEMAC-2D and TELEMAC-3D, are well adapted to model 
vertical structures provided that the vertical geometry does not 
vary significantly. However, these models are less suitable if the 
geometry along the vertical axis is too complex. Nevertheless, 
TELEMAC-3D offers the possibility to include local head losses 
and varying atmospheric pressure giving more flexibility when 
dealing with complex vertical structures. Even though the 
program shows clear limitations compared with other CFD 
software able to solve more complex cases, it can easily be 
implemented on large scale computational domains. This article
presents available methods that can be used to model certain 
types of vertical structures as well as application examples such 
as the modelling of bridge piers composed of tens of inclined 
piles, the influence of a debris boom on the flow conditions in a 
hydropower dam reservoir and the influence of floating docks 
on the current circulation in the vicinity of a marina. 
I. INTRODUCTION 
Two and three-dimensional hydrodynamic models based 
on an two-dimensional unstructured mesh, such as 
TELEMAC-2D and TELEMAC-3D, are well adapted to 
model vertical structures provided that the vertical geometry 
does not vary significantly. However, these models are less 
suitable if the geometry along the vertical axis is too complex. 
Nevertheless, TELEMAC-3D offers the possibility to include 
local head losses and varying atmospheric pressure giving 
more flexibility when dealing with complex vertical 
structures.
This article is divided in two parts. The first parts presents 
TELEMAC-3D’s limitations when modelling complex 
vertical structures. Available methods that can be used to 
overcome some modelling problems related to certain types of 
vertical structures are proposed and their validity is discussed. 
Finally, the last part of this article describes examples of 
applications where the proposed methods have been 
implemented.
The aim of this article is to present and share the 
experience gathered by Sweco from consulting assignments in 
which TELEMAC-3D has been used to model complex 
vertical structures. The methodology examples presented are 
not intended to be used as modelling standards.
II. AVAILABLE METHODS FOR MODELLING 
DISCONTINUOUS VERTICAL FEATURES
A. Overview
TELEMAC-3D solves the three-dimensional Navier 
Stockes equations in the field of free surface hydrodynamics 
for incompressible fluids [1, 2]. The main results are the three 
velocity components and the water depths solved at each time 
step. 
The three-dimensional computational mesh is composed 
of a two-dimensional finite element mesh describing the 
bottom geometry that is duplicated several times along the 
vertical axis. This implies that only purely two-dimensional 
geometries can be modelled. Vertical faces are not allowed 
since such features cannot be represented in a two-
dimensional horizontal mesh.
The principles followed by TELEMAC-3D do not allow 
modelling of complex three-dimensional geometries such as 
caves, culverts, tunnels etc. compared to other CFD software 
(FLUENT, FLOW-3D, COMSOL, openFOAM to name a 
few). However, the effect of certain types of vertical structures 
can be simulated by applying local head losses or pressure 
gradients in the computational mesh.
B. Local head losses
Local head losses can be applied at each computational 
node by defining the three components Fx, Fy and Fz of the 
source terms included in the three-dimensional momentum 
equations [2]. User defined source terms should be 
programmed in subroutine source.f. They are treated in an 
implicite way. Their expression is:ܨ௫ ൌ ܵͳܷ ή ܷܨ௬ ൌ ܵͳܸ ή ܸ (1)ܨ௭ ൌ ܵͳܹ ή ܹ
With Fx, Fy and Fz the source terms in the three directions 
(m/s2), S1U, S1V and S1W the intermediate terms to be defined 
in subroutine source.f (1/s) and U, V and W the three 
velocity components (m/s). For the sake of clarity, only the 
case corresponding to the x direction will be detailed in the 
following text.
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The terms in the momentum equations can be defined as a 
force per unit volume divided by the fluid density (dimension 
m/s2): ܨ௫ ൌ ி௏௢௟௨௠௘ήఘ (2)
With F being a force applied to the fluid (N), Volume the 
volume of application (m3) and ρ the fluid density (kg/m3). If 
the force F is defined as a drag force, (2) can be written as:ܨ௫ ൌ ଵଶ ή ஺௥௘௔ή஼ವήȁ௎ȁή௎௏௢௟௨௠௘ (3)
With Area the area on which the force is applied (m2), CD
the drag coefficient (-) and |U| the velocity magnitude (m/s). 
From (1) and (3), S1U can then be defined as:ܵͳܷ ൌ  ଵଶ ή ஺௥௘௔ή஼ವήȁ௎ȁ௏௢௟௨௠௘ ൌ ଵଶ ή ஼ವήȁ௎ȁௗ௫ (4)
With dx being the length of application of the drag force in 
the horizontal plane parallel to the flow direction (m). S1V and 
S1W are therefore equal to S1U.
Equation (2) can be used to apply head losses defined by 
other kind of forces. Another practical application is to apply 
a head loss corresponding to a friction loss at the free surface 
in order to model the flow resistance created by a rough 
surface in contact with the fluid. This is correct if one assumes 
that the free surface hydrodynamics equations remain valid. 
The corresponding equation is:ܨ௫ ൌ ଵଶ ή ஺௥௘௔ή஼೑ήȁ௎ȁή௎௏௢௟௨௠௘ (5)
With Cf the quadratic friction coefficient (-). From (1) and 
(5), S1U can then be defined as:ܵͳܷ ൌ  ଵଶ ή ஺௥௘௔ή஼೑ήȁ௎ȁ௏௢௟௨௠௘ ൌ ଵଶ ή ஼೑ήȁ௎ȁௗ௭ ଶΤ (6)
With dz being the vertical distance between the two upper 
planes (m). In this case also, S1V and S1W are equal to S1U.
For Nikuradse’s friction law and assuming that the velocity 
profile in the vicinity of the water surface can be considered 
as logarithmic, Cf can be expressed as [1, 2]:ܥ௙ ൌ ʹ ή ቈ ఑௟௡ቀయబή೏೥ೖೞ ቁ቉ଶ (7)
With κ being the von Karman constant (0.4) and ks the 
Nikuradse’s roughness coefficient (m) also known as 
equivalent sand roughness.
C. Locally increased atmospheric pressure
Vertical obstacles located at the free surface, such as 
floating or fixed objects, can be modelled by applying a local 
atmospheric pressure gradient in order to lower the free 
surface. The locally increased atmospheric pressure can be 
defined at each computational node in subroutine meteo.f
as: ܲ ൌ ଴ܲ ൅ ߩ݃ܪ (8)
With P being the local atmospheric pressure (Pa), P0 the 
reference atmospheric pressure (105 Pa), ρ the fluid density 
(kg/m3), g the acceleration of gravity (9,81 m/s2) and H the 
draught of the vertical structure (m). The keyword AIR 
PRESSURE should be set to “YES”.
It can be noted that special initial conditions need to be 
defined accordingly regarding water depths in subroutine 
condim.f with the keyword INITIAL CONDITIONS set to 
“PARTICULAR”.
D. Verifications and limitations
The methods described above are sensitive to mesh 
dimensions. When modelling head losses, (4) and (6) show 
that the intermediate source term S1U is dependent on 
horizontal and/or vertical mesh resolution. This needs to be 
taken into account in such applications. 
The sensitivity to the mesh size has been estimated by 
modelling flow in a rectangular channel with the following 
set-up: bottom friction modelled with Nikuradse’s friction law 
and for ks = 0.01 m and with head loss applied at the free 
surface using the same friction law and friction coefficient as 
for the bottom. The channel is 20 m wide, 100 m long, has a 
flat bottom and an initial water depth of 5 m. The discharge 
applied is of 100 m3/s to obtain an average flow velocity of 
1.0 m/s. Three different vertical meshes have been defined 
with (i) 10 planes evenly distributed, (ii) 11 planes with an 
extra plane located 0.05 m below the water surface and with 
the other 10 planes located at the same levels than in the first 
case and (iii) same as before but the extra plane is located 
0.05 m above the bottom. Turbulence was modelled with k-ε 
and the non-hydrostatic version was used. Results are 
presented as vertical velocity profiles from a point located in 
the central part of the channel in the downstream part, see Fig. 
1. Result show that the vertical mesh size has a direct influence 
on the velocity in the vicinity of the refined zone but that the 
influence is limited at the other nodes. It can be noted that the 
vertical profile is nearly symmetrical which was an expected 
result since friction at the free surface has been defined in a 
similar way as the bottom friction. The fact that the profile is
not entirely symmetrical  might be due to the free surface 
Figure 1. Sensitivity analysis to the vertical mesh resolution. 
Vertical velocity profiles. A: 10 planes evenly distributed; B: 11 
planes with thin top layer; C: 11 planes with thin bottom layer.
260
23rd Telemac & Mascaret User Club Paris, France, 11-13 October, 2016
slope observed for the results shown in Fig. 1 which was in the 
range of 8.10-5.
The horizontal mesh resolution is also important when 
modelling local atmospheric pressure gradients. As mentioned 
above, a vertical gradient cannot be modelled with a two-
dimensional mesh. 
A simulation has been performed to assess the suitability 
of TELEMAC-3D for modelling head losses generated by a 
vertical contraction of the hydraulic section. The model 
geometry used is a 100 m long and 20 m wide channel. The 
initial water depth has been set to 20 m and the discharge has 
been chosen to 200 m3/s so that the mean velocity is 
approximatively 0.5 m/s. The atmospheric has been locally 
increased to simulate a vertical contraction of 10 m with a 
gradient of 5.0 (distance of 2 m between the nodes with the 
normal atmospheric pressure and the nodes where the extra
pressure is applied) so that the velocity in the contracted 
section is approximatively 1.0 m/s. Another simulation has 
been performed without increased atmospheric pressure but by 
increasing the bottom elevation of 10 m at the same location 
so that both cases can be considered as symmetrical, see Fig. 
2. Bottom friction has been modelled using Nikuradse’s law 
and with ks = 0.01 m. The simulations have been performed 
with 10 evenly distributed vertical planes, with a constant 
viscosity turbulence model in the horizontal plane and with 
Prandtl’s mixing length model in the vertical plane (velocity 
diffusivities have been set to 10-6 m2/s in both cases) and with 
the non-hydrostatic version. Finally, the keyword FREE 
SURFACE GRADIENT COMPATIBILITY has been set to 
1.0 to ensure a perfect balance between the free surface 
gradient and the computed velocities [1, 2]. The results show 
that the contractions generate head losses of 0.068 m and 0.064 
m for the surface and bottom contraction, respectively. The 
difference might be due to the effects of bottom friction and 
turbulence between the bottom and the free surface. A
theoretical head loss estimation using entrance and exit loss 
coefficients of 0.5 and 1.0 respectively, valid for abrupt 
geometry changes, gives a result of 0.076 m. This result is in 
good agreement with the model especially due to the fact that 
the atmospheric pressure and bottom gradient is not vertical 
(i.e. slightly smoother geometry changes). A theoretical 
head loss of 0.068 m is obtained if the entrance and exit loss
Figure 2. Model geometries used for the verification of head 
losses generated by a flow contraction (a: contraction at the free 
surface; b: contraction at the bottom). Only bottom and surface 
planes are visible.
coefficients are reduced by a factor 0.87. These results indicate 
that TELEMAC-3D reproduces correctly expected head losses
due to the contraction of the hydraulic section by means of a 
locally increased atmospheric pressure.
Modelling obstacles with local head losses only allow to 
model their flow resistance. The flow acceleration occurring 
between these obstacles cannot be modelled in 3D. This can 
however be achieved in 2D by including element porosity [2].
III. EXAMPLES OF APPLICATION
A. The Getingmidjan Project, Stockholm (Sweden)
The railway line linking Stockholm Central and 
Stockholm South stations, called “Getingmidjan”, has reached 
its technical life span and is in need of renovation. This line is 
one of the most trafficked railway axis of Sweden and a 
transport stop would have major consequences on railway 
transports in all the country. The renovation works will start 
once the new underground local railway tunnel of the new 
Citybanan project is in operation so that a part of the railway 
traffic using the Getingmidjan line can be diverted. Between 
Stockholm Central and Stockholm South stations, the 
Getingmidjan railway line crosses the Mälaren Lake on both 
sides of the Gamla Stan island (Old Town) on the Centralbron 
bridge, see Fig. 3a. Hydraulic modelling has been performed 
to assess flow conditions in the vicinity of the bridge in order 
to estimate the erosion risk, to provide support for work 
planning and to estimate environmental impacts of the 
renovation works.
The southern pass, called Söderström, is deep with 
maximal water depths of 20 m and with bottom material 
composed of loose sediments. The Centralbron bridge is 
composed of six piers founded using vertical and inclined piles 
reaching the bedrock, see Fig. 3b.
Figure 3. The Getingmidjan Project. a: situation map showing 
the extents of the hydraulic model (red) and the Getingmidjan 
railway line (yellow); b: cross section of the Centralbron Bridge 
over the Söderström pass on the southern side of Gamla Stan.
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The model geometry is composed of a two-dimensional 
horizontal mesh totalling approximatively 82 400 elements 
and of 14 vertical planes. Turbulence has been modelled with 
the Smagorinsky model in the horizontal plane and with 
Prandtl’s mixing length model in the vertical plane. 
TELEMAC-3D was run in its non-hydrostatic version 
(version 6.2).
Calibration has been performed against water levels 
measurements available from recent high flow events. Bottom 
friction was modelled with Strickler’s law and the friction 
coefficient at the bridge location has been estimated to 
50 m1/3/s from the calibration process. 
It was not possible to model piles with the classic method 
by creating “islands” in the model due to the fact that the piles 
are inclined. The method chosen to model the piles’ resistance 
to flow is inspired from the 2D drag force modelling (see the 
TELEMAC-2D dragfo validation case). Local head losses 
have been applied at the nodes located within the bridge pier 
and piles perimeter as intermediate implicite source terms in 
subroutine source.f using the following equation:
With n being the number of piles per pier (40), D the piles 
diameter (0.75 m), A the area of the zone within which the drag 
force term is applied (approximatively 350 m2 for each pier), 
CD the drag coefficient (dimensionless) and |U| the magnitude 
of the flow velocity at each computational node (m/s).
No field measurement was available to calibrate the drag 
coefficient against. Hence, the drag coefficient value used has 
been taken equal to the one provided in the dragfo validation 
case valid for circular piles, CD = 1,34 [2].
The effect of the added drag term on the velocity field 
through the bridge opening for the design flood is presented in 
Fig. 4. “Section S1” is located approximatively 10 m upstream 
of the bridge while “Section S2” is located along the bridge 
axis. The added drag term causes a contraction of the flow 
field between the piers and piles.
B. Fish migration at the Hunderfossen hydropower plant 
(Norway)
The Hunderfossen HPP is located on the 
Gudbrandsdalslågen River approximatively 15 km upstream 
of the city of Lillehammer in Norway. The reservoir is created 
by a concrete gravity dam equipped with spillway gates and 
with an ice spillway. The power plant is situated underground 
and is composed of two units. The intake structures is located 
near the ice spillway and the water is transferred to the units 
by two vertical shafts. A debris boom is located in the reservoir 
between the north bank and the ice spillway in order to divert 
the floating ice flakes out of the reservoir during the winter 
season. Following the installation of a new trashrack 
generating lower head losses, fish migration shifted from the 
ice spillway towards the power waterway, thereby increasing 
fish mortality. Following this, a study is being performed in 
order to identify solutions for diverting the fish migration 
from the power intake back to the ice spillway.
Figure 4. Vertical velocity profiles a: approximatively 10 m 
upstream the Centralbron Brdige; b: along the bridge axis. The 
black dashed lines represent the piers location.
A TELEMAC-3D model has been set-up covering the 
reservoir. The model geometry is composed of a two-
dimensional horizontal mesh totalling approximatively 15 800 
elements and of 17 vertical planes. The model has six open 
boundaries (inflow, outflow from ice spillway and from two 
of the spillway gates and two water level boundaries 
corresponding to the intake structure).
Bottom friction has been modelled using Strickler’s law 
and with a friction coefficient of 30 m1/3/s. The turbulence 
model used was k-ε. TELEMAC-3D was run in its non-
hydrostatic version (version 7.1).
Flow resistance created by the debris boom has been 
modelled by applying a local head loss on the computational 
nodes corresponding to the boom location which was defined 
by two rows of aligned nodes in the horizontal mesh and by 
two horizontal planes with fixed elevations (in addition to the 
plane corresponding to the water surface) along the vertical 
axis. The boom geometry is composed of a vertical upstream 
face and of a 45-degree inclined downstream face. It extends
to approximatively 0.3 m below the water surface. The main 
flow direction makes an angle of approximatively 67 degrees 
with the debris boom’s axis so that the angle of attack is 
approximatively 33 degrees. The local head loss has been 
modelled as a drag force implemented as an implicite source 
term in subroutine source.f. The drag coefficient 
corresponding to the debris boom geometry can be estimated 
to approximatively 1.3 for flow perpendicular to the boom axis 
that has been corrected to approximatively 0.5 to account for 
the actual angle of attack [3]. The source term has been 
multiplied by a factor Uref/U with Uref being the velocity 
without the debris boom and U the velocity with the boom. 
This correction has been applied because the drag force 
formula is theoretically based on the undisturbed flow 
velocity.
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Figure 5. Velocity measurements and results from the 
hydraulic model. a: location of the measurement points; b: 
comparison between measurements and model results (vertical 
velocity profiles).
Flow velocity measurements have been performed in the 
vicinity of the debris boom with an acoustic Doppler device 
(Aquadopp Profiler by Nortek). The total discharge during the 
flow measurements was estimated to 403 m3/s distributed with 
67 m3/s through the two radial gates, 14 m3/s through the ice 
spillway and 322 m3/s through the power station. Outflow 
from the radial gates has been modelled using a user defined 
vertical velocity profile enabling outflow at the correct water 
depth just above the bottom. Outflow from the ice spillway has 
been modelled by defining the bottom levels at the gate 
location so that the water depth at the boundary corresponds 
to the critical depth (surface spillway). The comparison 
between flow measurements performed downstream of the 
debris boom and the results from the hydraulic model is 
presented in Fig. 5. The model tends to underestimate 
somewhat the flow velocities in the central part of the canal
Figure 6. Surface current with debris boom.
(this might be due to inaccurate bottom levels) but reproduces 
the subsurface flow deceleration generated by the boom in a 
satisfying way. The simulated velocity profile at point T2.2.1 
is likely influenced by the model boundaries (intake and ice 
spillway). Note that the flow measurements are considered to 
be uncertain for water depths greater than 2 to 6 m (due to lack 
of suspended particles in the water column). The simulated 
surface current is illustrated in Fig. 6. This study is ongoing 
and these results are therefore preliminary.
C. Flow resistance generated by floating docks (Sweden)
An environmental impact assessment study has been 
performed prior to the installation of new floating docks in a 
marina located in the Stockholm Archipelago. A hydraulic 
study has been performed with the aim of estimating the 
influence of the additional floating piers on the currents and 
the water circulation in the study area. Two types of floating 
docks are to be installed with inner docks composed of 2 m 
long rectangular pontoons every fourth meter (i.e. with a 2 m 
air space between two pontoons) and with outer docks 
composed of continuous concrete structures acting as a wave 
breaker. The draught of the inner and outer docks is of 0.4 m 
and 0.5 m respectively.
A TELEMAC-3D model has been set-up over the study 
area. The model geometry is composed of a two-dimensional 
horizontal mesh totalling approximatively 162 000 elements 
and of 12 vertical planes. The model has two open boundaries 
(water level boundaries at each end of the study area). 
Simulations were performed with wind forcing (average and 
extreme wind cases).
Bottom friction has been modelled using Strickler’s law 
and with a friction coefficient of 35 m1/3/s. The turbulence 
model used was k-ε. TELEMAC-3D was run in its non-
hydrostatic version (version 7.1).
The effect of floating piers has been modelled by lowering 
locally the water surface to simulate the barrier created by the 
pontoons and by applying a friction loss term on the nodes 
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located at the interface between the pontoons and the water 
body. The lowering of the water surface was achieved by 
applying a locally increased atmospheric pressure 
corresponding to the pontoons’ draught (meters of water 
column converted into Pascal) in subroutine meteo.f (initial 
conditions were defined in subroutine condim.f). It can be 
noted that the distance between nodes at the interface between 
free surface and the floating docks has been set to 
approximatively 0.1 to 0.2 m in order to obtain a free surface 
gradient as steep as reasonably possible. The friction loss term 
has been implemented as an implicite source term in 
subroutine source.f with the quadratic friction coefficient 
expressed in terms of Nikuradse’s roughness coefficient ks
which has been set to 0.01 m. The vertical mesh has been 
defined with a classic Sigma repartition above level -0.6 (i.e. 
0.1 m below the deepest docks) and with a user defined Sigma 
repartition (ZSTAR) between this level and the bottom. It can 
be noted that the effect of moored boats has been modelled 
using the same methodology and by assuming that the boats 
can be simulated as a continuous floating structure located 
along the docks with an average draught of 0.2 m. The two-
dimensional mesh with information on floating docks’ draught 
is depicted in Fig. 7. The initial water surface elevation has 
been defined in an additional variable stocked in the geometry 
file and read by the program thanks to the keywords
NUMBER OF 2D PRIVATE ARRAYS and NAMES OF 2D
Figure 7. Modelling of floating docks and moored boats (a: 
overview of the structures with in yellow the moored boats, in 
green the inner docks and in red the outer docks; b: detailed 
view of the computational mesh with initial water surface values 
stocked in geometry file as an additional variable – note that the 
colors are not identical to a).
Figure 8. Sensitivity analysis on the keyword FREE 
SURFACE GRADIENT COMPATIBILITY (a: value 0.9; b: 
value 1.0). Surface current after a simulation time of 1 hour. The 
floating docks and moored boats are depicted with black lines.
PRIVATE VARIABLES.
A sensitivity analysis have shown that the value of the 
keyword FREE SURFACE GRADIENT COMPATIBILITY 
should be set to 1.0 in order to ensure a perfect balance 
between the free surface gradient and the computed velocities. 
Fig. 8 shows that erroneous currents are generated when using 
a value lower than 1.0 (for instance with the recommended 
value of 0.9).
Results in the vicinity of the marina are presented in Fig. 9
for an easterly wind blowing at 7.5 m/s. It can be seen that the 
surface current is reduced by floating docks and the moored 
boats. The differences are strongest in the western part of the 
marina which is in the lee (easterly wind and surface current) 
as well as in the vicinity of the outer docks (continuous barrier 
with a 0.5 m draught). Consequently, the surface current in the 
channel between the marina and the north shore is slightly 
increased. Results have shown that the flow in the sound is 
reduced by approximatively 8.4% due to the additional 
structures. A sensitivity analysis performed on the draught of 
the outer docks showed that the flow reduction can be lowered 
to 7,8% with a draught of 0.2 m indicating that their flow 
resistance is mainly linked to the number of additional 
pontoons (and therefore their associated friction) rather than 
to their draught (for the investigated geometries).
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Figure 9. Stationary surface currents for the extreme wind case 
after a simulation time of 20 hours (a: reference configuration; 
b: with additional floating docks). The floating docks and 
moored boats are depicted with black lines.
IV. CONCLUSION
This article presents available methods for modelling 
certain types of complex vertical structures with the 
hydrodynamic software TELEMAC-3D. These methods are 
based on local head losses that can be applied at any 
computational node in order to model the flow resistance 
generated by a structure and on locally increased atmospheric 
pressure to simulate a vertical contraction of the water body at 
the free surface. The proposed methods have been discussed 
and their limitations highlighted. The aim of this article is 
however not to propose these methods as modelling standards 
as a more formal and in-depth verification and validation 
process would be needed. Finally, application examples have 
been described.
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